









%DVHG RQ D IXOO\ GHVLJQHG ZLQJ ER[ VHFWLRQ RI D JHQHULF WUDQVSRUW DLUFUDIW WZR HIIHFWV DUH LQYHVWLJDWHG








$FFRUGLQJ WR WKH )LIWK $VVHVVPHQW 5HSRUW RI WKH
,QWHUJRYHUQPHQWDO 3DQHO RQ &OLPDWH &KDQJH ,3&&
KXPDQPDGH&2HTXDOHPLVVLRQVVKRXOGEHUHGXFHGE\
DW OHDVW  LQ  FRPSDUHG WR  >@ ,Q WKH
$HURQDXWLFDO6HFWRU DFFRXQWLQJ IRUaRI KXPDQPDGH
&2 HPLVVLRQV WKH $GYLVRU\ &RXQFLO IRU $YLDWLRQ
5HVHDUFK DQG ,QQRYDWLRQ LQ (XURSH $&$5( KDV VWDWHG
DPRQJVW LWV JRDOV WR KDYH WHFKQRORJLHV DQG SURFHGXUHV
DYDLODEOH E\  WKDW DOORZ D  UHGXFWLRQ LQ &2
HPLVVLRQV SHU SDVVHQJHU NLORPHWHU FRPSDUHG WR 
>@7KLVJRDO LV URXJKO\EURNHQGRZQE\ WLPHVWHSVDQG
DLUFUDIWV\VWHPVZKHUHE\UHGXFLELOLW\LVWRFRPHIURP
LQFUHDVHG VWUXFWXUH HIILFLHQF\ E\  $FKLHYLQJ WKHVH
DPELWLRXV JRDOV QHFHVVLWDWHV WKH LQWURGXFWLRQ RI VHYHUDO
QHZ WHFKQRORJLHV LQ WKHQH[WJHQHUDWLRQ WUDQVSRUWDLUFUDIW
OLNHWKH$LUEXV$;FXUUHQWO\WDUJHWHGIRUWKHV>@
5RVVRZFRQFOXGHGWKDWDOOWKHµORZKDQJLQJIUXLWV¶LQWHUPV
RI IXUWKHU GUDJ UHGXFWLRQ KDYH DOUHDG\ EHHQ SLFNHG >@
&RPPRQDJUHHPHQWH[LVWVWKDWWKHELJJHVWUHPDLQLQJIUXLW
LQ WHUPVRIGUDJ UHGXFWLRQ LV/DPLQDU)ORZ&RQWURO /)&
ZLWKDSRWHQWLDORIGHSHQGLQJRQWKHXVHFDVH>@
>@ 7KHUH DUH WZR PDMRU WHFKQRORJ\ VWUHDPV LQ /)&
QDPHO\QDWXUDO ODPLQDU IORZ 1/)E\VKDSLQJDQGK\EULG




6WUXFWXUDO GHVLJQHUV PLJKW KDYH D YDJXH RU QR
XQGHUVWDQGLQJRI ODPLQDU IORZVRDEULHI LGHD LVJLYHQ IRU
LOOXVWUDWLRQ SXUSRVHV 2VERUQH 5H\QROGV VKRZHG LQ 
WKDWZKHQDERG\DQGDVXUURXQGLQJIOXLGPRYHUHODWLYHWR
HDFKRWKHUWKHIOXLGSDUWLFOHVLQWKHYLFLQLW\RIWKHERG\DUH
SURSHUO\RUGHUHG LQ OD\HUVRQHRQ WRSRI WKHRWKHUZKHUH
OD\HUVGRQRW LQWHUPL[ >@7KLVVWDWH LVFDOOHG ODPLQDU$V
WKH ERG\ PRYHV IXUWKHU DORQJ WKH SDUWLFOH PRYHPHQW
EHFRPHV FKDRWLF DW VRPH SRLQW UHIHUUHG WR DV WXUEXOHQW
7KH FRUUHVSRQGLQJ UHJLRQ FORVH WR WKH RXWHU VXUIDFH
ZKHUHPDLQWHQDQFH RI WKH ODPLQDU VWDWH LV VWULYHQ IRU LV
FDOOHGWKHERXQGDU\OD\HU
7KHKLVWRU\ RI /)& LVDOPRVW DV ORQJDV WKHDHURQDXWLFDO
RQH 7RGD\ PRVW RI WKH SKHQRPHQD DVVRFLDWHG ZLWK
/DPLQDU)ORZ&RQWURODUHUHDVRQDEO\ZHOOXQGHUVWRRGDQG
PDQ\ GHPDQGLQJ UHTXLUHPHQWV WR PDLQWDLQ WKH IORZ
ODPLQDURQDOLIWLQJVXUIDFHKDYHEHHQIRXQG7KHVHFDQEH
VXPPDUL]HGE\
± &RQILJXUDWLRQDO DVSHFWV VZHHS DQJOHV SUHVVXUH
JUDGLHQWV QRVH UDGLL ZLQJEHOO\MXQFWLRQ KLJKOLIW
FRPSDWLELOLW\
± 6XUIDFH TXDOLW\ ZDYLQHVV VWHSV JDSV ULYHW KHDGV
URXJKQHVV
± 2SHUDWLRQDO DVSHFWV LQVHFWV GLUW GHDQWLLFLQJ




GDWH EDFN WR WKH VZKHQ VHULRXV DWWHPSWV WRREWDLQ
ODPLQDU IORZ RQ DLUFUDIW OLIWLQJ VXUIDFHV VWDUWHG >@>@
7KH TXHVWLRQ DURVH ZKHWKHU VXUIDFH GHYLDWLRQV FRXOG
WULJJHUSUHPDWXUHWUDQVLWLRQIURPODPLQDUWRWXUEXOHQWDQG
KRZVXFKGHSHQGHQFLHVFRXOGEHTXDQWLILHG,QYHVWLJDWLRQV
XS WR WKHVFRQFOXGHG WKDWSURGXFWLRQ WHFKQRORJ\RI
WKDW WLPH PLJKW EH LQFRPSDWLEOH ZLWK ODPLQDUZDYLQHVV
UHTXLUHPHQWV6LJQLILFDQWIUDFWLRQVRIODPLQDUIORZKDGRQO\
EHHQ REWDLQHG DIWHU H[WHQVLYH WUHDWPHQW RI WKH
FRUUHVSRQGLQJZLQJVXUIDFHVHJ>@>@
/DWHU LQ WKH V >@ DQG V >@ IOLJKW WHVWV RQ
H[LVWLQJ ZLQJ VXUIDFHV RI VRPH VPDOO WR FRPPXWHU W\SH
DLUSODQHV VKRZHG JRRG SRUWLRQV RI ODPLQDU IORZ ZLWKRXW
VSHFLDO WUHDWPHQW H[FHSW IRU WZR SRVLWLRQV LQ WKH ODWWHU
FDVH 7KH DXWKRUV FRQFOXGHG WKDW ³>«@ 1/) PD\ EH
SUDFWLFDORQPRGHUQSURGXFWLRQVXUIDFHVZLWKOLWWOHVZHHS
IRUWUDQVLWLRQ5H\QROGVQXPEHUVJUHDWHUWKDQ[7KH
DEVROXWH XSSHU OLPLW UHPDLQV WR EH GHWHUPLQHG´ :KLOH
WKHVH WHVWV FOHDUO\ UHIOHFWHG WKDW SURGXFWLRQ WHFKQRORJ\
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KDG GHYHORSHG VLJQLILFDQWO\ FRQVLGHUDEOH XQFHUWDLQWLHV
UHPDLQHG6RIOLJKWWHVWVFRQWLQXHGRQQXPHURXVDLUSODQHV
LQ WKH 86 DV ZHOO DV LQ (XURSH HJ ) )$
9):)DOFRQ'RUQLHU)RNNHU$LUEXV
$ >@>@ $OO RI WKHVH UHFHQW WHVWV DQG PDQ\
SUHYLRXV RQHV KDG DUWLILFLDO JORYHV RQ WKHLU ZLQJV DQG
KHQFH GR QRW SURYLGH UHDOLVWLF GDWD IRU ZDYLQHVV
PHDVXUHPHQW DQG HYDOXDWLRQ 6WLOO WKH WHVWV GHOLYHUHG
YDOXDEOHGDWDIRUWKLVSXUSRVHEHFDXVHWKH\HQKDQFHGWKH
HPSLULFDO FRUUHODWLRQ XVHG IRU QXPHULFDO PHWKRGV RI
WUDQVLWLRQSUHGLFWLRQ
$Q RYHUYLHZ RI /)& LQFOXGLQJPDQXIDFWXULQJ WROHUDQFHV
LV JLYHQ E\ -RVOLQ >@ >@ ,W LQFOXGHV UHIHUHQFHV WR
VRPH DQDO\WLFDO HYDOXDWLRQ FULWHULD IRU PDQXIDFWXULQJ
GHYLDWLRQV 7KHVH FULWHULD HJ E\ )DJH DQG&DUPLFKDHO
DUHGLUHFWO\DSSOLFDEOHWRDJLYHQZDYLQHVVEXWKDYHWKHLU
OLPLWDWLRQVDQGDUHRQO\EDVHGRQROGHUIOLJKWWHVWV
$OO WKH GHILQHG UHTXLUHPHQWV IRU D ODPLQDU ZLQJ JLYHQ
DERYH DUH WKH UHVXOW RI QXPHURXV LQYHVWLJDWLRQV
WKHRUHWLFDOO\ DV ZHOO DV LQ PDQ\ H[SHULPHQWV %DVHG
WKHUHRQ WKHDHURG\QDPLFGHVLJQRIDQ1/)ZLQJWRGD\LV
UHODWLYHO\UREXVW5HJDUGLQJWKHVWUXFWXUDOUHTXLUHPHQWVIRU
VXUIDFH TXDOLW\ DQG LQ SDUWLFXODU VXUIDFH ZDYLQHVV WKH
PDJQLWXGHV DQG TXDOLWDWLYH GLVWULEXWLRQV ZHUH HLWKHU
JHQHULFDOO\ DVVXPHG RU EDVHG RQ PHDVXUHPHQWV RQ
H[LVWLQJ VWUXFWXUHV 7KH H[LVWLQJ VWUXFWXUHV WKDW DUH
UHSUHVHQWDWLYH IRU WKH LQWHQGHG XVH FDVH ZHUH DOO
VWUXFWXUHV FXVWRPPDGH IRU WKH VSHFLILF WHVW DQG QRQ
ORDGEHDULQJ (YHQ WKHVH VWUXFWXUHV SDUWLDOO\ UHTXLUHG
UHZRUN WR IXOILO WKHH[WUHPHO\KLJKVXUIDFHTXDOLW\ UHTXLUHG
>@ 1R LQYHVWLJDWLRQ LV NQRZQ WR WKH DXWKRUV WKDW ZDV
UHSUHVHQWDWLYH UHJDUGLQJZDYLQHVVRQDQDLUOLQHUV ODPLQDU
FRPSRVLWHZLQJDWSURGXFWLRQVFDOH
7KH IRFXVRI WKH LQYHVWLJDWLRQ LVSXWRQ WKHZLQJER[$V
LQGLFDWHGDERYH1/)FDQRQO\EHPDLQWDLQHGLQUHJLRQVRI
FRQWLQXRXVO\ GHFUHDVLQJ SUHVVXUH 7KHPD[LPXP ODPLQDU
H[WHQW LV URXJKO\  RI WKH SURILOH FKRUG ZKHUH
SUHVVXUHUHFRYHU\LVLQHYLWDEOH7KLVPDWFKHVZHOOZLWKWKH
W\SLFDO SRVLWLRQ RI WKH UHDU VSDU $OVR WKH OHDGLQJ HGJH
ZDYLQHVVLVQRWH[DPLQHGIRUUHDVRQVGHVFULEHGEHORZ
)URPWKHDHURG\QDPLFSHUVSHFWLYHPDLQWDLQLQJD ODPLQDU
ERXQGDU\ RYHU DZLGH H[WHQG RI D WUDQVSRUW DLUFUDIW ZLQJ
VXUIDFH VHHPV WR EH DFKLHYDEOH 7RGD\ WKH PDLQ
SUREOHPVLQEULQJLQJWKHWHFKQRORJ\LQWRXVDJHDUHO\LQJLQ
WKH VWUXFWXUDO GHVLJQ PDQXIDFWXULQJ DQG DVVHPEO\
(VSHFLDOO\ WKH GHPDQG IRU VXUIDFH TXDOLW\ LV FKDOOHQJLQJ
DV DQ\ H[FUHVFHQFH JDS VWHS RU VXUIDFH ZDYLQHVV
LPPHGLDWHO\ GHWHULRUDWHV WKH VWDELOLW\ RI WKH ODPLQDU
ERXQGDU\OD\HU&RQVHTXHQWO\VXFKVXUIDFHLPSHUIHFWLRQV
PXVWEHPLQLPL]HGLQRUGHUWRHQDEOHODPLQDUWHFKQRORJ\
,Q WKLV FRQWH[W WKH SUHVHQW SDSHU DGGUHVVHV VWULQJHU
LQGXFHGVXUIDFHZDYLQHVV)RUDQLQWHJUDOO\VWLIIHQHGZLQJ
ER[FRYHUGHVLJQHGIRUDJHQHULFPHGLXPUDQJHWUDQVSRUW
DLUFUDIW ZLWK  OHDGLQJ HGJH VZHHS DQJOH DQG D 0DFK
QXPEHU0D  WZRHIIHFWVDUHVWXGLHG OHDGLQJ WRVXFK
ZDYLQHVV 7KH H[SHFWHG UHPDLQLQJ ZDYLQHVV LQ IOLJKW LV
HVWLPDWHG DQG HYDOXDWHG XVLQJ HPSLULFDO ZDYLQHVV















DERXW GXUDELOLW\ DQG PDLQWHQDQFH DVSHFWV $V DQ
DOWHUQDWLYH SDUWV FRXOG EH ERQGHG %RQGLQJ WHFKQRORJ\
KDVGUDVWLFDOO\GHYHORSHGGXULQJWKHSDVWGHFDGHVEXWVWLOO
UHTXLUHV GHVLJQ IHDWXUHV SUHYHQWLQJ ODUJH GLVERQGV
XVXDOO\ DGGLWLRQDO ULYHWV DV ORQJ DV QRQGHVWUXFWLYH




EHHQ GHVLJQHG DQG PDQXIDFWXUHG LQ WKH *HUPDQ
*RYHUQPHQW IXQGHG SURMHFWV /D:L3UR >@>@ DQG
029(21±/D:2S),*7KHZLQJJHRPHWU\LVEDVHG
RQ WKH1/) UHVHDUFK FRQILJXUDWLRQ FRPPRQO\XVHGE\
DOO SDUWQHUV >@ 7KH HQWLUH ZLQJ FRYHU LQFOXGLQJ
ORQJLWXGLQDOVWLIIHQHUVDQGFDSV IRU WKHDWWDFKPHQWRI ULEV





7KHRYHUDOOFRQFHSW LQFOXGHV.UJHU IODSV IRUKLJKOLIWDQG
LQVHFW VKLHOGLQJ$ VHSDUDWHQRVH LV GHVLJQHG WR IXOILO WKH
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virtual process with numerical precision
shape





WUDQVSRUW DLUSODQHV WR EH SURILWDEOH ,Q WKH V D QHZ
W\SH RI DLUSODQH ORDG EHDULQJ VWUXFWXUH HPHUJHG >@ ,Q
FRQWUDVW WR RWKHU DLUSODQHV RI WKDW WLPH WKHVH VWUXFWXUHV
FRQVLVWHGRIDVWLIIEXWUHODWLYHO\WKLQVNLQXVXDOO\PDGHRXW
RI VHYHUDO SOLHV RI ZRRG 7KLV VKHOO W\SH VWUXFWXUH ODWHU
NQRZQDVVHPLPRQRFRTXHZDVUHLQIRUFHG LQRQHRU WZR
GLUHFWLRQV E\ VWLIIHQHUV OHDGLQJ WR DQ H[FHOOHQW UDWLR RI
ZHLJKWDQGORDGLQJFDSDFLW\1RZDGD\VDOOPDMRUDLUOLQHUV
XWLOL]H ORDGEHDULQJVWUXFWXUHVRIVHPLPRQRFRTXH W\SH LQ
WKHLUZLQJVDQGIXVHODJHV6DQGZLFKDVDQDOWHUQDWLYHKDV
QRWHYROYHGIRUVHYHUDOUHDVRQV>@>@
6WUXFWXUHV RI VHPLPRQRFRTXH W\SH LQKHUHQWO\ KDYH D
GLVWLQFW LQKRPRJHQHRXV GLVWULEXWLRQ RI WKH EHQGLQJ
VWLIIQHVV 7KLV LQKRPRJHQHLW\ FOHDUO\ LQFUHDVHV WKH
PDWHULDO XWLOL]DWLRQ RQ WKH RQH KDQG 2Q WKH RWKHU KDQG
VHYHUDO DGGLWLRQDO DVSHFWV KDYH WR EH UHJDUGHG HJ
DGGLWLRQDO VWDELOLW\PRGHV DQG WKH VNLQVWLIIHQHU LQWHUIDFH





7KH DIRUHPHQWLRQHG DGYDQWDJHV RI D IXOO\ LQWHJUDO ZLQJ
FRYHU IRU1/)DUHDFFRPSDQLHGE\VRPHFKDOOHQJHV)RU
WKH SURFHVVRI FRPSRVLWHPDQXIDFWXULQJ LW LVZHOO NQRZQ
WKDW WKHUH H[LVWV D FHUWDLQ FRUUHODWLRQ EHWZHHQ VKDSH
FRPSOH[LW\ RI DQ LQWHJUDO SDUW DQG LWV PDQXIDFWXULQJ
LQGXFHG GHYLDWLRQV 7KH SDUDPHWHUV DQG SKHQRPHQD
DVVRFLDWHG ZLWK WKLV FRUUHODWLRQ ZHUH VXEMHFW RI PDQ\
LQYHVWLJDWLRQV HJ >@>@ ,Q UHODWLRQ WR ZDYLQHVV RI D
VWLIIHQHG SDQHO WKH HIIHFWV RI VSULQJLQ DQG IRUFHG
LQWHUDFWLRQDUHGRPLQDQW>@
,Q WKH FRQWH[W KHUHLQ VKDSH GHYLDWLRQV GXULQJ WKH
PDQXIDFWXULQJ SURFHVV DUH WHUPHG SURFHVV LQGXFHG
GHYLDWLRQV 3,' )RU WKH SUHGLFWLRQ RI 3,' DQ HIILFLHQW
PHWKRG ZDV GHYHORSHG DQG YDOLGDWHG E\ .DSSHO >@ ,Q
FRQWUDVW WR FODVVLFDO VLPXODWLRQ DSSURDFKHV IRU WKH
PDQXIDFWXULQJSURFHVV LW IHDWXUHVVPDOOPRGHOOLQJHIIRUWV
EDVHGRQVKHOOHOHPHQWVZKLOHUHTXLULQJRQO\HQJLQHHULQJ
OLNH SDUDPHWHUV W\SLFDOO\ JDLQHG IURP ODERUDWRU\VFDOH /
SURILOHVSHFLPHQV







$OO WKUHH SURFHVVHV PDQXIDFWXULQJ DVVHPEO\ DQG IOLJKW
ZLWK LQKHUHQW VKDSH GHYLDWLRQV DUH GHSLFWHG LQ ),* 
WRJHWKHU ZLWK WKH GLVFLSOLQDU\ GHVLJQ VWHSV ZKLFK LQLWLDOO\





EHHQ PDVWHUHG IRU WKH ILUVW WUDQVSRUW DLUFUDIW ,Q RUGHU WR
GHVLJQ D ODPLQDU ZLQJ RQH RXJKW WR SUHFLVHO\ DQWLFLSDWH




,Q WKH QXPHULFDO TXDQWLILFDWLRQV KHUHLQ WKH DVVHPEO\ LV
LQFRUSRUDWHGE\DSSO\LQJDSSURSULDWHERXQGDU\FRQGLWLRQV
,QWHUIDFH UHJLRQV WR RWKHU SDUWV DUH ULJLGO\ KHOG LQ SODFH







$V D ILUVW VWHS ERWK ZDYLQHVV HIIHFWV DUH QXPHULFDOO\
TXDQWLILHG%DVHOLQHLVWKHGHWDLOHGGHVLJQPRGHOIHDWXULQJ
DOO UHOHYDQW DVSHFWV LQFOXGLQJ SO\ VWDFNLQJ VHTXHQFHV
7KHUH DUH VHYHUDO IOLJKW PLVVLRQ VHJPHQWV ZKHUH WKH
ERXQGDU\OD\HUFRXOGEHNHSWODPLQDU7KHPRVWSURPLVLQJ
RQH LQ WHUPV RI SRWHQWLDO DQG DWWDLQDELOLW\ LV WKH FUXLVH
IOLJKW+HQFHWKHIRFXVKHUHLQLVSXWRQWKLVVHJPHQWRQO\
)XUWKHUPRUH ERWK HIIHFWV DUH TXDQWLILHG LQGLYLGXDOO\
(VSHFLDOO\ IRU WKH /,' LW LV DVVXPHG WKDW WKH\ DUH
LQGHSHQGHQW RI WKH SUHYLRXVO\ RFFXUULQJ 3,' DQG DOVR RI
WKHJOREDOZLQJEHQGLQJ
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$ FRPSOHWH VWUXFWXUDO GHVLJQ RI D ZLQJ QRVH
UHSUHVHQWDWLYH IRU D ODPLQDU FRPSRVLWH ZLQJ ZDV QRW
DYDLODEOHIRU WKLVVWXG\VRZDYLQHVVZDVDQDO\VHGRQWKH
ZLQJXSSHUFRYHURQO\'XHWRWKHKLJKFXUYDWXUHDQGELUG
VWULNH UHTXLUHPHQWV ZDYLQHVV RQ WKH ZLQJ QRVH LV
H[SHFWHGWREHOHVVFULWLFDOWKDQIRUWKHZLQJER[
.DSSHO UHFHQWO\GHYHORSHGGLIIHUHQWPRGHOLQJDSSURDFKHV
>@ IRU WKHPHWKRGRI3,'SUHGLFWLRQ >@%\ WKH WLPHRI
WKLV VWXG\ WKHDSSURDFK WKDWZDVDYDLODEOHDQGYDOLGDWHG
LQFOXGHGPRGHOLQJRIUDGLLEHWZHHQVWLIIHQHUVDQGWKHRXWHU
VNLQ $V WKH GHWDLOHG GHVLJQPRGHO GLG QRW LQFOXGH WKHVH
UDGLLDVHFRQGPRGHOZDVEXLOWIRUHVWLPDWLQJ3,'
/RRNLQJ DW WKH ]GLVSODFHPHQW FRQWRXUV RI 3,' ),* 
DQG /,' ),*  VHYHUDO SHFXOLDULWLHV DUH FRQVSLFXRXV
ZLWK ] EHLQJ DOPRVW QRUPDO WR WKH RXWHU VXUIDFH 0RVW
REYLRXV DUH WKH GLIIHUHQFHV LQ WKH PDJQLWXGH DQG LQ WKH
FKDUDFWHULVWLF %RWK SORWV KDYH EHHQ FUHDWHG XVLQJ WKH
VDPHDEVROXWHUDQJHRIYDOXHVEXWWKHFRORXUVSHFWUXPRI
WKH3,'LVUHYHUWHG7KXVFRORXUVDQGYDOXHVRIERWKSORWV
GLUHFWO\ FRUUHODWH EXW ZLWK LQYHUWHG GLUHFWLRQV 7KH 3,'V









WR WKH VWULQJHUV WKH 3,' LV UDSLGO\ ULVLQJ WRZDUGV WKH
PLGGOH RI D VNLQ ILHOG ZKHUHDV WKH VORSH RI WKH /,' LV
FOHDUO\ORZHU7KLVSULQFLSDOGLIIHUHQFHFDQEHDWWULEXWHGWR
WKH GLVVLPLODU UDQJHV RI WKH HIIHFWV¶ FDXVHV 7KH
DHURG\QDPLFORDGVDUHGLVWULEXWHGFRQWLQXRXVO\DFURVVWKH
RXWHUVNLQZKHUHDVWKHVSULQJLQHIIHFWDVWKHPDLQFDXVH
IRU ZDYLQHVV IURP3,' LV DFWLQJ ORFDOL]HG DW WKH VWULQJHU
VNLQDQGFDSVNLQLQWHUIDFHV
$V H[SHFWHG WKH WZR HIIHFWV DUH DFWLQJ LQ RSSRVLWH
GLUHFWLRQV0DQXIDFWXULQJGHYLDWLRQVGHIOHFW WKHRXWHUVNLQ
WRZDUGV WKH LQVLGH RI WKH ZLQJ ZKHUHDV WKH SUHVVXUH
GLIIHUHQFH GHIOHFWV WKH VNLQ WRZDUGV WKH RXWVLGH
)XUWKHUPRUH WKH PDJQLWXGHV RI ERWK HIIHFWV DW WKH ULE
VHJPHQWV LQ WKH PLGGOH DUH KLJKHU WKDQ DW WKH ULE




VHFWLRQV EHFDXVH DOO PHWKRGV DYDLODEOH IRU WKH
DHURG\QDPLF HYDOXDWLRQ DUH EDVHG RQ WZRGLPHQVLRQDO
WUHDWPHQW&URVVVHFWLRQVDUHFRPPRQO\H[WUDFWHGLQIOLJKW
GLUHFWLRQ ZKLFK LQ VWHDG\ IOLJKW FRUUHVSRQGV WR WKH \]
SODQH $V WKH ZLQJ LV VZHSW DQG WKH ULEV DUH GHILQHG
QRUPDO WR WKH OHDGLQJ HGJH ),*  WKH ZDYLQHVV
FKDUDFWHULVWLF LQ IOLJKW GLUHFWLRQ GHSHQGV RQ WKH VSDQZLVH
SRVLWLRQ ,Q RUGHU WR FRYHU UHSUHVHQWDWLYH ZDYLQHVV
FKDUDFWHULVWLFV DQG SRWHQWLDOO\ LGHQWLI\ WUHQGV 
HTXLGLVWDQW FURVVVHFWLRQVDORQJ WKH ULE VHJPHQWZLWK WKH
ELJJHVW VKDSH GHYLDWLRQV DUH WDNHQ WKH LQWHUVHFWLRQ




PDQLIROG ,Q WKLV SDSHU WZR ZDYLQHVV HIIHFWV EDVHG RQ
QXPHULFDO ILQLWH HOHPHQW PRGHOV DUH PHUJHG %XW WKHUH
PD\ EH RWKHU VRXUFHV RI ZDYLQHVV HJ WKH ZLQJ
DVVHPEO\ RU RWKHU GDWD VRXUFHV HJ PHDVXUHPHQWV
WRJHWKHU ZLWK &$' GDWD DV UHIHUHQFH 6RPH ZDYLQHVV
HIIHFWVPD\UHTXLUHSRVWSURFHVVLQJEHIRUHEHLQJUHDG\IRU
PHUJLQJ )RU VXEVHTXHQW DVVHVVPHQW ZDYLQHVV PLJKW
KDYHWREHWUDQVIHUUHGWRVRPHVXEVWLWXWHSURILOH ,QRUGHU
WRHQDEOHDOOWKHVHZRUNIORZVWKHWRRO3\:DYHVKDVEHHQ
ZULWWHQ LQ WKHS\WKRQSURJUDPPLQJ ODQJXDJH ,WHQDEOHV
UHDGLQJ GDWD LQ VHYHUDO IRUPDWV DXWRPDWLF SUHDOLJQPHQW
LQWR D FRPPRQ FRRUGLQDWH V\VWHP HVWDEOLVKHG
IXQFWLRQDOLWLHV IRU WKHDQDO\VLV LQWHUSRODWLRQDQGHGLWLQJRI
JHRPHWULFDOGDWD LQFURVVVHFWLRQVDVZHOODV IHDWXUHV IRU
ZDYLQHVV DVVHVVPHQW $Q RYHUYLHZ RI WKH IXQFWLRQDOLWLHV
VRUWHG E\ JHQHUDO VWHSV RI GDWD KDQGOLQJ LV GHSLFWHG LQ
),*
$ GHWDLOHG GHVFULSWLRQ RI 3\:DYHV LV RXW RI WKH VFRSH
KHUH ,W LV YHU\ HIILFLHQW ZKLFK HQDEOHV DQDO\VLV DQG
SURFHVVLQJ RQWKHIO\ 7KLV LV IXUWKHU VXSSRUWHG E\ DQ
LQWXLWLYH LQWHUIDFH ZLWK GHWDLOHG UHSRUWLQJ RI ZRUN VWHSV
LQVWDQWFUHDWLRQRIJUDSKVDQGVDYLQJRI UHOHYDQWGDWD IRU
ODWHU XVDJH $Q H[FHUSW FDQ EH VHHQ LQ ),*  LQ WKH
IROORZLQJVHFWLRQ
,Q RUGHU WR HQDEOH GLYHUVH ZRUNIORZV WKUHH OHYHOV RI



















6HYHUDO DWWHPSWV ZHUH PDGH WR HVWDEOLVK FULWHULD IRU
SHUPLVVLEOHZDYLQHVV)RUDUHOLDEOHVWUXFWXUDOGHVLJQRID
ODPLQDU ZLQJ WKLV LV RI XWPRVW LPSRUWDQFH 2OGHU FULWHULD
HJ>@>@DUHSXEOLFO\DYDLODEOHDQGKDYHWKHLUNQRZQ
OLPLWDWLRQV >@ )RU D VWUXFWXUDO GHVLJQHU WKHLU LPSRUWDQW
EHQHILWLVWKHGLUHFWDSSOLFDELOLW\WRDJLYHQZDYLQHVV$IWHU
WKHUHODXQFKRIODPLQDUUHVHDUFKLQWKHHDUO\VWKHIRFXV
RI DHURG\QDPLF LQYHVWLJDWLRQV WXUQHG WRZDUGV WKH
QXPHULFDO WUDQVLWLRQ SUHGLFWLRQ OLNH LQ WKH QH[W VHFWLRQ
7KHVH SUHGLFWLRQV ZHUH DQG VWLOO DUH HPSLULFDOO\ EDVHG
EXW WKH\ LQFOXGH WKH SURJUHVVLRQV LQ WKH DHURG\QDPLF
XQGHUVWDQGLQJ RI WKH WUDQVLWLRQ PHFKDQLVPV QDPHO\
7ROOPLHQ6FKOLFKWLQJDQGFURVVIORZ LQVWDELOLWLHVDQGDOVR
PRUH UHFHQW IOLJKW WHVWV $OWKRXJK WKHUH VWLOO LV D KXJH




1R SXEOLFO\ DYDLODEOH ZDYLQHVV FULWHULD LV NQRZQ WKDW LV
GLUHFWO\ DSSOLFDEOH ZKLOH LQFOXGLQJ WKH DERYHPHQWLRQHG
SURJUHVVLRQV7KHPRVWSURPLVLQJDSSURDFKVHHPV WREH
DQ HPSLULFDO FRUUHODWLRQ HTXDWLRQ EDVHG RQ '1YDOXHV
>@ ZKLFK WR WKH DXWKRUV¶ RSLQLRQV VWLOO UHTXLUHV VRPH
DGYDQFHPHQWIRUEHLQJJHQHUDOO\DSSOLFDEOH
,Q WKLV VHFWLRQ WKH SXEOLFO\ DYDLODEOH&DUPLFKDHO FULWHULRQ
LQLWLDOO\SXEOLVKHGLQLVXVHG$OWKRXJKGHYHORSHGIRU
ZLQJV ZLWK VXFWLRQ DQG KDYLQJ RWKHU OLPLWDWLRQV LW LV VWLOO
DGHTXDWH IRU WKH SXUSRVHKHUHLQZKLFK LV WR TXDOLWDWLYHO\
LOOXVWUDWHWKHGLIIHUHQFHVEHWZHHQLQGLYLGXDODQGFRPELQHG
DVVHVVPHQW 7KH WZR ZDYLQHVV HIIHFWV UHJDUGHG DUH
FRQWULEXWLQJ WR WKH UHOHYDQW IOLJKW VKDSH ),*  ,I RQH
ZDQWHG WR HYDOXDWH DQ HIIHFW LQGLYLGXDOO\ ZKLOH NQRZLQJ















ZLWK WKH DPSOLWXGH a WKH IXOO VLQXRXV ZDYHOHQJWK ɉ WKH
FKRUG OHQJWK c WKH OHDGLQJHGJHVZHHSDQJOHȦDQGRec 
FRUUHVSRQGLQJ WR WKH FKRUG 5H\QROGV QXPEHU )RU WKH
FXUUHQWFDVH7$%DQGDIDFWRURIRQHWKLUGDFFRXQWLQJ
IRUPXOWLSOHZDYHVWKLV\LHOGV




UHTXLUHG SULPDULO\ WR REWDLQZDY\SURILOHV RI JRRGTXDOLW\
IRU VXEVHTXHQW QXPHULFDO DVVHVVPHQW )XUWKHUPRUH WKH









LV FORVH WR D ULE ZKLFK DFWV OLNH D FODPSLQJ :LWK WZR
KROGLQJ HOHPHQWV QHDUE\ ULE DQG VSDU WKH FRQWLQXRXV
DHURORDGV DUH WRR VPDOO WR OHDG WR GLVWLQFW GHIRUPDWLRQV
)RU WKH3,' WKHUHDUHDOVR WZR UDGLL LPSRVLQJQRWLFHDEOH
GHYLDWLRQV 6R WKH UHPDLQLQJ ZDYLQHVV FORVH WR WKH IURQW
VSDULVGRPLQDWHGE\WKH3,',QWKHUHDUSDUWRIWKHFURVV
VHFWLRQ HVSHFLDOO\ LQ WKH ODVW VNLQ ILHOG EHIRUH WKH UHDU
VSDU ERWK HIIHFWV DUH QHDUO\ HTXDO LQ VL]H OHDGLQJ WR D
FKDQJHLQWKHFKDUDFWHULVWLFRIWKHUHPDLQLQJZDYLQHVV
5HJDUGLQJ WKH ZDYLQHVV HYDOXDWLRQ DQG LQ SDUWLFXODU
FRPSDULQJ LQGLYLGXDO YHUVXV FRPELQHG DVVHVVPHQW WKH
5)YDOXHVGLIIHUTXLWHDUELWUDULO\7KHUHPDLQLQJZDYLQHVV¶
5)YDOXHVDUH DOOZLWKLQ WKH UHTXLUHG OLPLWV WKH LQGLYLGXDO
DVVHVVPHQW FDQ RYHU RU XQGHUHVWLPDWH WKH FULWLFDOLW\ RI
WKH UHPDLQLQJ ZDYLQHVV 3,' ZDV HYHQ HYDOXDWHG WR EH
XQDFFHSWDEOHLQWZRFDVHV+HQFHLWFDQEHIROORZHGWKDW










$HURG\QDPLF VWXGLHV DUH FRQGXFWHG WR DVVHVV WKH
SRWHQWLDO LPSDFW RI VWULQJHULQGXFHG ZDYLQHVV RQ WKH
ERXQGDU\ OD\HU VWDELOLW\ RI WKH $LUEXV 1/) UHVHDUFK





6LQFH WKH HIIRUW IRU D IXOO ' VWDELOLW\ DQDO\VLV RI WKH
ERXQGDU\ OD\HU IORZ SDVW WKH WKUHHGLPHQVLRQDO ZDY\
VXUIDFH RI WKH ZLQJ LV KLJKO\ GHPDQGLQJ DQG LPSUDFWLFDO
ZLWKLQ WKH OLPLWV RI WKLV VWXG\ D VLPSOLILHG DHURG\QDPLF
PRGHO LVFRQVLGHUHG8VLQJ WKH LQYHUVHGHVLJQPHWKRGRI
%DUWHOKHLPHU7DNDQDVKL>@ZHGHULYHDFOHDQQRQZDY\
LQILQLWH VZHSW ZLQJ PRGHO UHSUHVHQWLQJ WKH DHURG\QDPLF
FKDUDFWHULVWLFV RI WKH UHIHUHQFH RXWHU ZLQJ VHFWLRQ DW
FUXLVH IOLJKW 7$% VXPPDUL]HV ILJXUHV GHULYHG IURP WKH
' ZLQJ VHFWLRQ DQG WUDQVIHUUHG WR WKH VXEVWLWXWH LQILQLWH
VZHSWZLQJE\ LQYHUVHGHVLJQ),*JLYHVDFRPSDULVRQ
RIFSGLVWULEXWLRQVIRUWKH'ZLQJVHFWLRQDQGWKHGHVLJQHG
LQILQLWH VZHSW ZLQJ PRGHO $V VKRZQ D FORVH PDWFK LV
REWDLQHG LQWHQWLRQDOO\ DYRLGLQJ WKH DGYHUVH OHDGLQJ HGJH
FSSHDNIURPWKH'VROXWLRQLQ'GHVLJQ
VSDQZLVHUHIHUHQFHVHFWLRQ \UHI  13.46 m 
ORFDOFKRUGOHQJWK FUHI  2.573 m 
FKRUG5H\QROGVQXPEHU 5HF  17.6E6 - 
ORFDOOLIWFRHIILFLHQW FO\UHI  0.62 - 
IUHHVWUHDP0DFKQXPEHU 0D  0.75 - 
/( VZHHS DQJOH ' 





7KH FUHDWLRQ RI ZDY\ DLUIRLO VHFWLRQV LV GRQH E\
VXSHUSRVLWLRQRIQRUPDOL]HGFRRUGLQDWHVRIZDYLQHVVGDWD
WR WKH VXEVWLWXWH ' DLUIRLO VHFWLRQ :DYLQHVV GDWD IRU
WKHGHVLJQHGXSSHUZLQJER[FRYHU),*LVSURYLGHGLQ
VSDQZLVHVOLFHV$VVKRZQLQ),*DIDLUFRYHUDJHRI
VSDQZLVHZDYH VKDSH YDULDWLRQ LV REWDLQHG'LVWLQFWLRQ LV
PDGHEHWZHHQSURFHVVLQGXFHGZDYLQHVV3,'DQG
DLUORDGLQGXFHG ZDYLQHVV /,' LQ RUGHU WR DOORZ IRU
LQGLYLGXDO RU FRPELQHG DQDO\VLV $ VSOLQHEDVHG
LQWHUSRODWLRQ URXWLQH LV HPSOR\HG IRU VXSHUSRVLWLRQ RI
FRRUGLQDWHV HQDEOLQJ IRU D IOH[LEOH DQG DFFXUDWH ZD\ WR
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7R UHYHDO WKH LPSDFW RI VPDOOVFDOH VXUIDFHZDYLQHVV RQ
WKHIORZILHOGDQGWKHERXQGDU\OD\HUVWDELOLW\LQSDUWLFXODU
D KLJK VSDWLDO UHVROXWLRQ LV PDQGDWRU\ )RU WKLV VWXG\
PL[HGHOHPHQWK\EULGJULGVZLWKDVWUXFWXUHGQHDUVXUIDFH
UHVROXWLRQ RI [ FHOOV DUH FUHDWHG &RPPHUFLDO
PHVK JHQHUDWLRQ VRIWZDUH *5,'*(1 9 LV XVHG  7R
HQVXUH FRQVWDQW PHVK TXDOLW\ WKH ZKROH SURFHVV RI
ZDYLQHVV VXSHUSRVLWLRQ JHRPHWU\ JHQHUDWLRQ DQG VFULSW
EDVHG PHVK JHQHUDWLRQ UXQV DXWRPDWHG $FFXUDF\ RI
JHRPHWU\ UHSUHVHQWDWLRQ LVFKHFNHGWREHEHWWHU WKDQ(
P ZKLFK LV WKUHH RUGHUV VPDOOHU WKDQ W\SLFDO ZDYH
DPSOLWXGH
'/5¶V 5$16 IORZ VROYHU 7$8 >@ LV HPSOR\HG IRU WKH
FDOFXODWLRQRIVWHDG\VWDWHIORZVROXWLRQVSDVWZDY\LQILQLWH
VZHSW ZLQJ VHFWLRQV 3HULRGLF ERXQGDU\ FRQGLWLRQV DUH
XVHGWRHVWDEOLVKLQILQLWHVZHSWZLQJFRQGLWLRQV
$ VHFRQGRUGHU ILQLWHGLIIHUHQFHV VFKHPH ZLWK ORZ0DFK
QXPEHU SUHFRQGLWLRQLQJ LV XWLOL]HG WR REWDLQ DFFXUDWH
VROXWLRQV HVSHFLDOO\ LPSRUWDQW ZUW WKH KLJKO\ UHVROYHG
ERXQGDU\ OD\HU )RU WKH PDLQ REMHFWLYH WR DQDO\]H
ZDYLQHVV LPSDFW RQ ODPLQDU ERXQGDU\ OD\HU VWDELOLW\ DOO
VLPXODWLRQVZHUHUXQZLWKSUHVFULEHGWUDQVLWLRQORFDWLRQVDW
[F RQWKHXSSHUVXUIDFHDQG[F RQWKHORZHU
VXUIDFHDW ILUVW0RYHPHQWRI WUDQVLWLRQ ORFDWLRQ LV WUHDWHG
LQDVHFRQGVWHS,WLVWRPHQWLRQWKDWDOOFDOFXODWLRQVZHUH
FDUULHGRXWIRUWKHVDPHUHIHUHQFHFKRUG5H\QROGVQXPEHU
RI5HF (DOWKRXJK WKHFKRUG OHQJWKRI WKHVOLFHV
XVHG IRU ZDYLQHVV H[WUDFWLRQ YDULHV 7KLV DSSURDFK LV
FKRVHQLQRUGHUWRPDNHUHVXOWVIRUGLIIHUHQWZDYHVKDSHV
GLUHFWO\FRPSDUDEOH
6WDELOLW\ DQDO\VLV RI WKH ODPLQDU ERXQGDU\ OD\HU IORZ LV
FRQGXFWHGE\FRPSUHVVLEOH ORFDO OLQHDUVWDELOLW\VROYHU OLOR
>@ $V PHQWLRQHG SUHYLRXVO\ LQSXW GDWD LV GLUHFWO\
GHULYHG IURP WKH 5$16 IORZ VROXWLRQ $ IL[HG
IUHTXHQF\IL[HG ZDYHOHQJWK 1)DFWRU PHWKRG >@ LV
HPSOR\HG ZKHUH VWUHDPZLVH 7ROOPLHQ6FKOLFKWLQJ
LQVWDELOLW\ 76 DQG FURVVIORZ LQVWDELOLW\ &) DUH WUHDWHG
LQGHSHQGHQWO\&URVVIORZDQDO\VLV LV OLPLWHG WR VWDWLRQDU\
ZDYHVKHUHVLQFH WKHVHDUHXVXDOO\GRPLQDQWXQGHU ORZ
WXUEXOHQFHIUHHVWUHDPFRQGLWLRQV7RSUHGLFWPRYHPHQWRI
WKH WUDQVLWLRQ ORFDWLRQ GXH WR ZDYLQHVV H10HWKRG LV
HPSOR\HG 7KH VWDQGDUG 1761&) OLPLWLQJ FXUYH RI OLOR LV
XVHG
 6XPPDU\RIUHVXOWVDQGGLVFXVVLRQ
$W ILUVW WKH FKDUDFWHULVWLFV RI WKH QRQZDY\ VXEVWLWXWH
PRGHODUHVWXGLHG),*VKRZV0DFKQXPEHULVROLQHVRI
WKH IORZ ILHOG $ORQJ WKH XSSHU VXUIDFH 1/) EUDQFK D




OD\HU UHPDLQV ODPLQDU )URP ),*  ZH VHH WKDW 76
PRGHV DUH WKH GRPLQDQW W\SH RI LQVWDELOLW\ KHUH 1R
VHSDUDWLRQLVREVHUYHGGRZQVWUHDPRIWKHVKRFN7KHIORZ
ILHOGSDVWWKHORZHUVXUIDFHUHPDLQVVXEVRQLF1RHIIRUWRI
VWDELOLW\ FDOFXODWLRQ LV PDGH IRU WKH ORZHU VLGH ZKHUH
WUDQVLWLRQLVSUHVFULEHGDW[F 6XPPDUL]LQJWKHQRQ












KDV EHHQ DQDO\]HG IRU WKH  ZDYLQHVV GLVWULEXWLRQV
H[WUDFWHG IURP WKHXSSHUZLQJER[ FRYHU ,Q WKLV VHFWLRQ
UHVXOWV REWDLQHG IRU ZDYLQHVV RI VOLFH QR  VHH ),* 
ZLOOEHGLVFXVVHGH[HPSODULO\,Q),*DFRPSDULVRQRI
WKH LQIOXHQFH RI 3,'ZDYLQHVV /,'ZDYLQHVV DQG













2EYLRXVO\ 76LQVWDELOLW\ UHDFWV YHU\ VHQVLWLYH WR VXUIDFH
ZDYLQHVV ZKHUHDV WKH FURVVIORZ 1IDFWRU LV PHUHO\
DIIHFWHG E\ WKH ZDYHV RULHQWHG SHUSHQGLFXODU WR
VWUHDPZLVH IORZ GLUHFWLRQ (DFK VWULQJHU LQGXFHG ZDYH
FDXVHVDQRVFLOODWLRQRI WKH1IDFWRUDURXQG LWV UHIHUHQFH
YDOXHREWDLQHG IRU WKHQRQZDY\VHFWLRQ ,W LVQRWHZRUWK\
WKDW QR FOHDU VLJQ RI GLVWXUEDQFH DPSOLWXGH DFFXPXODWLRQ
SDVWWKHZDYHVLVJLYHQE\WKHUHVXOWVREWDLQHGIURPOLQHDU
VWDELOLW\WKHRU\/676WXGLHVRI:LHDQG0DOLN>@UHODWH
WKLV EHKDYLRU WR WKH QHJOHFW RI QRQORFDO HIIHFWV LQ /67
7KXV/67XVXDOO\ZLOOXQGHUSUHGLFWWKHGHVWDELOL]LQJHIIHFW
RIZDYLQHVV$VVKRZQLQ),*WKHDPSOLWXGHRI761
IDFWRUV LV VLPLODUDW WKH WUDQVLWLRQ ORFDWLRQZLWKRUZLWKRXW
ZDYLQHVV3UHGLFWHGPRYHPHQWRIWUDQVLWLRQORFDWLRQZLOOEH
PRVWO\ GXH WR ZDYHLQGXFHG RYHUVKRRWV RI WKH ORFDO 1
IDFWRUEH\RQGFULWLFDOOLPLWV
&RPSDULQJ WKH LPSDFW RI 3,' DQG /,' ZDYLQHVV IRU WKLV
SDUWLFXODU FDVH WKH KLJKHU DPSOLWXGH RI 3,' ZDYLQHVV
FDXVHV KLJKHU GLVWXUEDQFHV RI WKH176IDFWRU'XH WR WKH
RSSRVLWHVLJQRI3,'DQG/,'ZDYHVDQHWUHGXFWLRQRIWKH
ORFDO ZDYH DPSOLWXGH LV REWDLQHG IRU FRPELQHG 3,'/,'
ZDYLQHVV 7KLV FDQFHOODWLRQ UHIOHFWV LQ UHGXFHG DPSOLWXGH
RI1IDFWRURVFLOODWLRQGXHWRZDYLQHVV
4XDOLWDWLYHO\DFOHDUFRUUHODWLRQRIZDYHDPSOLWXGH¨]ZDYH
¨FS DQG 1IDFWRUYDULDWLRQ GXH WR WKH ZDYH LV REVHUYHG
IURP ),*  DQG ),*  &DVWLQJ WKLV ILQGLQJ LQWR D
VLPSOLILHG ¨1IDFWRU PHWKRG IRU VXUIDFH ZDYLQHVV LV
FXUUHQWO\ RQJRLQJ ZRUN WKDW PLJKW OHDG WR LPSURYHG
ZDYLQHVVDOORZDEOHHVWLPDWHVIRUSUHOLPLQDU\GHVLJQLQWKH
IXWXUH
7KH QRQQHJOLJLEOH HIIHFW RI FRPELQHG 3,'/,' ZDYLQHVV
RQWKHWUDQVRQLFIORZILHOGLVDSSDUHQWIURPFRPSDULVRQRI
),*QRQZDY\VHFWLRQDQG),*ZDY\VHFWLRQ7KH
VPDOO VXUIDFH GLVWXUEDQFH DIIHFWV WKH ZKROH VXSHUVRQLF
EUDQFK RI WKH IORZ ILHOG 1HYHUWKHOHVV JOREDO WUDQVRQLF
FKDUDFWHULVWLFV UHPDLQ LQWDFW 7R HPSKDVL]H RQ SRWHQWLDO
LPSDFW RI ODUJHU ZDYH DPSOLWXGHV UHVXOWV REWDLQHG ZLWK
VFDOHG ZDYLQHVV DPSOLWXGHV DUH VKRZQ LQ ),*  7KH
IRUPDWLRQ RI D PXOWLVKRFN V\VWHP GXH WR LQFUHDVHG










)LQDOO\ WKH SUHGLFWHG PRYHPHQW RI WUDQVLWLRQ ORFDWLRQ RQ
WKH XSSHU VXUIDFH RI WKH ZLQJ VHFWLRQ GXH WR VSDQZLVH




'HVSLWH WKHSUHVHQFHRIZDYLQHVVDQ LQFUHDVH LQ ODPLQDU
IORZ H[WHQG LV SUHGLFWHG IRU VOLFHV QR  DQG 




WUDQVLWLRQ ORFDWLRQ LV FORVHO\ UHODWHG WR WKH ODVW VWULQJHU
SRVLWLRQ:LWKYHU\ OLWWOHVWDELOLW\ UHVHUYHVRI WKHERXQGDU\
OD\HUQHDUPLGFKRUGDQ\EXPSLQGXFHGGHFHOHUDWLRQZLOO
FDXVH LQVWDQWDQHRXV WUDQVLWLRQ ZKHUHDV DFFHOHUDWLRQ ZLOO
VWDELOL]H WKH IORZ$OWKRXJKWUDQVLWLRQVKLIW LVPRGHUDWH IRU
WKH LQYHVWLJDWHG FDVHV  VWUXFWXUDOO\ LQGXFHG






%HFDXVH RI WKH LQWURGXFHG PRGHOOLQJ VLPSOLILFDWLRQV WKH
UHVXOWV SUHVHQWHG LQ WKLV VWXG\ FRQWDLQ D QRQQHJOLJLEOH
DPRXQW RI XQFHUWDLQW\(VSHFLDOO\ WKHDSSOLFDWLRQRI ORFDO
OLQHDU VWDELOLW\ DQG H1 WUDQVLWLRQ SUHGLFWLRQ XVHG IRU WKH
DVVHVVPHQWRIERXQGDU\OD\HUVWDELOLW\LVUHJDUGHGFULWLFDO
VLQFH LPSDFWV RI QRQORFDO QRQOLQHDU DQG QRQSDUDOOHO
HIIHFWVDUHQHJOHFWHG$OVRWKHLPSRVLWLRQRILQILQLWHVZHSW
ZLQJ IORZ GLVUHJDUGV WKH IXOO 'ERXQGDU\ OD\HU DQG WKH
SUHVHQW WKUHHGLPHQVLRQDOLW\ RI VWULQJHULQGXFHG VXUIDFH
ZDYLQHVV 1HYHUWKHOHVV LPSRUWDQW WUHQGV DUH SUHGLFWHG
$VORQJDVLPSURYHGWUDQVLWLRQSUHGLFWLRQPHWKRGVEHFRPH
DYDLODEOH IRU SUDFWLFDO DSSOLFDWLRQV SUHVHQW UHVXOWV DUH
EHQHILFLDO WR ILQG HQJLQHHULQJ WUDGHRIIV EHWZHHQ
DHURG\QDPLFDQGVWUXFWXUDOGHVLJQUHTXLUHPHQWV






>@ ,QWHUJRYHUQPHQWDO 3DQHO RQ &OLPDWH &KDQJH 
&OLPDWH&KDQJH6\QWKHVLV5HSRUW&RQWULEXWLRQ
RI:RUNLQJ*URXSV,,,DQG,,,WRWKH)LIWK$VVHVVPHQW
5HSRUW RI WKH ,QWHUJRYHUQPHQWDO 3DQHO RQ &OLPDWH
&KDQJH,3&&*HQHYD6ZLW]HUODQGSS












1/) $1'+/)&$33/,&$7,216$7'/5 ,Q ,&$6
6HSW
>@ - ( *UHHQ /DPLQDU )ORZ &RQWURO ± %DFN WR WKH
)XWXUH"WK)OXLG'\QDPLFV&RQIHUHQFHDQG([KLELW
-XQH  KHOG E\ $,$$ 6HDWWOH :DVKLQJWRQ
KWWSG[GRLRUJ






&REUD )= WR LQYHVWLJDWH WKH 3UDFWLFDO
5HTXLUHPHQWV IRU WKH $FKLHYHPHQW RI /RZ 3URILOH
'UDJ&RHIILFLHQWVRQD/RZ'UDJ$HURIRLO$5&50





>@-RKQ $ =DORYFLN HW DO ± )OLJKW ,QYHVWLJDWLRQ RI
%RXQGDU\OD\HU 7UDQVLWLRQ DQG 3URILOH 'UDJ RI DQ
([SHULPHQWDO /RZGUDJ :LQJ ,QVWDOOHG RQ D )LJKWHU
W\SH $LUSODQH :DUWLPH 5HSRUW 1$&$:5/ 
1$&$$&5/&D/DQJOH\)LHOG9$
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>@1RUWKURS &RUSRUDWLRQ 1RUDLU 'LYLVLRQ  /)& $LUFUDIW
'HVLJQ 'DWD /DPLQDU )ORZ &RQWURO 'HPRQVWUDWLRQ
3URJUDP )LQDO 5HSRUW 1R $' 
+DZWKRUQH&$
>@+HQU\ ( 3D\QH ± /DPLQDU )ORZ 5HWKLQN  8VLQJ
&RPSRVLWH 6WUXFWXUH 6RFLHW\ RI $XWRPRWLYH
(QJLQHHUV %XVLQHVV $LUFUDIW 0HHWLQJ :LFKLWD
.DQVDV$SULO
>@% - +ROPHV DQG & - 2EDUD ± 2EVHUYDWLRQV DQG
LPSOLFDWLRQV RI QDWXUDO ODPLQDU IORZ RQ SUDFWLFDO
DLUSODQHVXUIDFHV-RXUQDORI$LUFUDIW9RO1R
SS
>@$ 'UDNH DQG 5 $ .HQQHOO\ -U ± 6HOHFWHG
([SHULPHQWV LQ /DPLQDU )ORZ $Q $QQRWDWHG
%LEOLRJUDSK\1$6$7HFKQLFDO0HPRUDQGXP
0RIIHWW)LHOG&DOLIRUQLD
>@3HWHU 7KLHGH (G  $HURG\QDPLF 'UDJ 5HGXFWLRQ
7HFKQRORJLHV 3URFHHGLQJV RI WKH &($6'UDJ1HW
(XURSHDQ 'UDJ 5HGXFWLRQ &RQIHUHQFH 3RWVGDP
*HUPDQ\
>@*p]D 6FKUDXI  /DUJH6FDOH /DPLQDU)ORZ 7HVWV
(YDOXDWHGZLWK /LQHDU6WDELOLW\ 7KHRU\ ,Q -RXUQDO RI
$LUFUDIWSS
>@5 ' -RVOLQ $LUFUDIW /DPLQDU )ORZ &RQWURO $QQXDO
5HYLHZRI)OXLG0HFKDQLFVYRO
>@5 ' -RVOLQ ± 2YHUYLHZ RI /DPLQDU )ORZ &RQWURO
1$6$73





>@,QVWLWXW IU )DVHUYHUEXQGOHLFKWEDX XQG $GDSWURQLN
%UDXQVFKZHLJ ± $EVFKOXVVEHULFKW 3URMHNW /D:L3UR




>@+LOPDU $SPDQQ  /D:L3UR  /DPLQDU &)53:LQJ
VKHOO SURGXFWLRQ  $EVFKOXVVEHULFKW  3UHPLXP
$(527(& 9DUHO +DQQRYHU 
KWWSVGRLRUJ*%9
>@$LUEXV 2SHUDWLRQV *PE+  /DPLQDUIOJHO LQ &).





>@'HXWVFKHV =HQWUXP IU /XIW XQG 5DXPIDKUW H9
9HUIDKUHQ ]XU +HUVWHOOXQJ HLQHV )DVHUYHU
EXQGEDXWHLOV 3DWHQW '($ 
'HXWVFKHV3DWHQWXQG0DUNHQDPW
>@5 ) 0DQQ  7KH 3UREDEOH 7UHQG RI $HURSODQH
'HVLJQ $UWLFOH LQ )OLJKW -DQXDU\ UG 
KWWSVZZZIOLJKWJOREDOFRPSGIDUFKLYHYLHZ
KWPO
>@- :LHGHPDQQ ± /HLFKWEDX (OHPHQWH XQG
.RQVWUXNWLRQ 6SULQJHU9HUODJ %HUOLQ +HLGHOEHUJ
KWWSVGRLRUJ
>@$ 3 0RXULW]  ,QWURGXFWLRQ WR $HURVSDFH 0DWHULDOV
:RRGKHDG3XEOLVKLQJ3KLODGHOSKLD
>@'RQDOG:5DGIRUG  6KDSH6WDELOLW\ LQ&RPSRVLWHV
3K'WKHVLV5HQVVHODHU3RO\WHFKQLF,QVWLWXWH




>@. ' 3RWWHU HW DO  7KH JHQHUDWLRQ RI JHRPHWULFDO
GHIRUPDWLRQV GXH WR WRROSDUW LQWHUDFWLRQ LQ WKH
PDQXIDFWXUH RI FRPSRVLWH FRPSRQHQWV &RPSRVLWHV
3DUW$






>@( .DSSHO HW DO  3UHGLFWLQJ SURFHVVLQGXFHG
GLVWRUWLRQV LQ FRPSRVLWH PDQXIDFWXULQJ ± $ SKHQR
QXPHULFDOVLPXODWLRQVWUDWHJ\&RPSRVLWHV3DUW$
±
>@$ )DJH  7KH6PDOOHVW6L]H RI D6SDQZLVH6XUIDFH
&RUUXJDWLRQ ZKLFK DIIHFWV %RXQGDU\OD\HU 7UDQVLWLRQ
RQDQ$HURIRLO5$(5	0-DQXDU\
>@% + &DUPLFKDHO  6XPPDU\ RI 3DVW ([SHULHQFH LQ
1DWXUDO /DPLQDU )ORZ DQG([SHULPHQWDO 3URJUDP IRU
5HVLOLHQW/HDGLQJ(GJH1$6$&5
>@:LH<6DQG0DOLN05(IIHFWRIVXUIDFHZDYLQHVV
RQ ERXQGDU\OD\HU WUDQVLWLRQ LQ WZRGLPHQVLRQDO IORZ
&RPSXWHUV 	 )OXLGV ā '2,
6
>@%DUWHOKHLPHU:(LQ(QWZXUIVYHUIDKUHQIU7UDJIOJHO
LQ WUDQVVRQLVFKHU 6WU|PXQJ 'LVVHUWDWLRQ '/5
)RUVFKXQJVEHULFKW
>@1.UROO'HVFULSWLRQ RI WKH'/57$8&RGH ,QVWLWXWH
RI $HURG\QDPLFV DQG )ORZ 7HFKQRORJ\ '/5
%UDXQVFKZHLJ  KWWSWDXGOUGHFRGH
GHVFULSWLRQ
>@6FKUDXI * /,/2  8VHU¶V *XLGH DQG 7XWRULDO
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